Sediment resuspension as a water quality regulator in lakes by Niemistö, Juha
1Department of Biological and Environmental Sciences
University of Helsinki
Finland
Sediment resuspension as a water quality regulator in lakes
Juha Niemistö
Academic dissertation
To be presented, with the permission of the Faculty of Biosciences of the University of
Helsinki, for public criticism in Auditorium 1041, Biocenter 2, Viikinkaari 5
on October 31st 2008 at 12 noon.
Helsinki 2008
2Supervisor: Prof. Jukka Horppila
Aquatic Sciences
Department of Biological and Environmental Sciences
University of Helsinki
Finland
Reviewers: Prof. Helinä Hartikainen
Department of Applied Chemistry and Microbiology
University of Helsinki
Finland
Docent Jan Weckström
Environmental Change Research Unit (ECRU)
University of Helsinki
Finland
Opponent: DSc. Martin Søndergaard
Department of Freshwater Ecology
National Environmental Research Institute
University of Aarhus
Denmark
© Juha Niemistö
ISBN 978-952-92-4435-5 (paperback)
ISBN 978-952-10-4948-4 (PDF)
http://ethesis.helsinki.fi
Yliopistopaino
Helsinki 2008
3ABSTRACT
Sediment resuspension, the return of the bottom material into the water column, is an impor-
tant process that can have various effects on a lake ecosystem. Resuspension – caused by
wind-induced wave disturbance, currents, turbulent fluctuations and bioturbation – affects
water quality characteristics such as turbidity, light conditions, and concentrations of sus-
pended solids (SS) and nutrients. Resuspension-mediated increase in turbidity may favour the
dominance of phytoplankton over macrophytes. The predator-prey interactions contributing to
the trophic state of a lake may also be influenced by increasing turbidity. Directly, the trophic
state of a lake can be influenced by the effect of sediment resuspension on nutrient cycling.
Resuspension enhances especially the cycling of phosphorus by bringing the sedimentary nu-
trients back into the water column and may thereby induce switches between phosphorus and
nitrogen limitation.
The contribution of sediment resuspension to gross sedimentation, turbidity, and concen-
tration of SS and nutrients was studied in a small,  deep lake as well  as in a multibasin lake
with deep and shallow areas. The effect of ice cover on sediment resuspension and thereby on
phosphorus concentrations was also studied. The rates of gross sedimentation and resuspen-
sion were estimated with sediment traps and the associations between SS and nutrients were
considered.
Sediment resuspension, caused by wind activity, comprised most of the gross sedimenta-
tion and strongly contributed to the concentration of SS and turbidity in the lakes studied.
Additionally, via the influence on SS, resuspension affected the concentration of total phos-
phorus (TP) and soluble reactive phosphorus (SRP), as well as the total nitrogen to total
phosphorus (TN:TP) ratio. Although contrasting results concerning the dependence between
the SS and SRP concentrations were observed, it could be concluded that sediment resuspen-
sion during strong algal blooms (pH > 9) led to aerobic release of P.
The main findings of this thesis were that in the course of the growing season, sediment
resuspension coupled with phytoplankton succession led to liberation of P from resuspended
particles, which in turn resulted in high TP concentrations and low TN:TP ratios. This devel-
opment was likely a cause of strong cyanobacterial blooms in midsummer.
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81. INTRODUCTION
1.1 Importance and occurrence of sediment resuspension
Sedimentation, the downward flux of matter, is one of the important processes that govern
lake metabolism (Darnell, 1964; Bloesch et al., 1977; Bloesch and Uehlinger, 1986). Matter
once deposited onto the lake bottom can be returned into the water column by sediment re-
suspension, a phenomenon no less significant than sedimentation in lakes (Bloesch, 1994,
1995; Evans, 1994; Weyhenmeyer, 1996, 1998). Sediment resuspension, which can be caused
by several factors, is a natural process having a constant impact on a lake ecosystem if a long
time period is considered (Weyhenmeyer, 1998). Resuspension-causing factors, such as wind-
induced wave disturbance, currents and turbulent fluctuations, as well as bioturbation caused
by fish and benthic animals, may have substantial implications on water quality properties
such as turbidity, light conditions, and concentrations of suspended solids (SS) and nutrients
(Bloesch, 1982; Andersson et al., 1988; Hamilton and Mitchell, 1988; Dillon et al., 1990;
Bengtsson and Hellström, 1992; Kristensen et al., 1992; Breukelaar et al., 1994; Evans, 1994;
Lind, 2003). Sediment resuspension occurs when the bottom shear exceeds a critical shear
stress that is specific to different types of sediment and is dependent on factors such as the
water content and grain size (Håkanson, 1977; Sheng and Lick, 1979; Bengtsson and Hell-
ström, 1992). Fine particles and newly deposited material are resuspended more easily than
larger particles or compacted material (Einstein and Krone, 1962; Eadie et al., 1984; Rosa,
1985; Bengtsson et al., 1990; Valeur et al., 1995).
Often, sediment resuspension is the main process generating particles into the water col-
umn and represents most of the total settling flux (Evans, 1994; Weyhenmeyer, 1998). The
rates of sedimentation and sediment resuspension are not, however, constant within a lake, but
may show large temporal and spatial variations (Rosa, 1985; Bloesch and Uehlinger, 1986).
Gross sedimentation and resuspension rates are often higher in shallow than in deep areas,
due to sediment disturbance by waves and water currents (Bloesch, 1982; Evans, 1994).
Sediment resuspended in shallow areas is then often transported to deeper areas and depos-
ited. This phenomenon is called sediment focusing (Ohle, 1962). Thus, based on the absence
or occurrence of sediment erosion, a lake bottom can be divided into different categories. At
erosion bottoms, there is no net accumulation of sediment. Areas at greater depths, where re-
suspension occurs periodically, are termed transportation bottoms. The deepest areas, where
settling material focuses, are called accumulation bottoms (Håkanson and Jansson, 1983).
1.1.1 Sediment resuspension in shallow lakes
In shallow lakes, sediment resuspension is often a direct result of surface wave activity
(Bloesch 1982; Aalderink et al., 1984; Carper and Bachmann, 1984; Bengtsson and Hell-
ström, 1992; Vlag, 1992) and contributes to a marked extent to the total settling flux (Rosa,
1985; Evans, 1994; Weyhenmeyer, 1996, 1998). A large proportion of wind energy can reach
the bottom in the form of waves, currents and turbulent fluctuations, and this may cause
sediment resuspension over the entire lake bottom (Bengtsson and Hellström, 1992). Thus,
sedimentation and resuspension rates in shallow waters can fluctuate rapidly according to
variations in factors such as wind direction, wind velocity and boat traffic (Yousef et al.,
91980; Bengtsson and Hellström, 1992). Almost continuously occurring resuspension can re-
sult in evenly distributed concentrations of SS in the water column (Bengtsson and Hellström,
1992). Benthivorous fish and burrowing benthic animals can also contribute to the concentra-
tion of SS by resuspending sediment while feeding and moving on the sediment surface
(Andersson et al., 1988; Parkos et al., 2003; Scheffer et al., 2003). Aquatic macrophytes re-
duce sediment resuspension, since they depress wave action and hinder the stirring effect of
benthivorous fish by lowering waterflow velocity and stabilizing the sediment (Dieter, 1990;
Horppila and Nurminen, 2001, 2003, 2005; Madsen et al., 2001).
1.1.2 Sediment resuspension in deep lakes
In stratifying areas, near-bottom conditions are more quiescent than in shallow areas, allowing
sediment to accumulate (Håkanson, 1977). In such regions, the sedimentation rate may be
controlled by the amount of particulate matter in the epilimnion (Rosa, 1985). However, some
studies showed that considerable sediment resuspension may occur in areas of sediment ac-
cumulation, even during stratification periods (Charlton and Lean, 1987; Pierson and Wey-
henmeyer, 1994). Long standing waves, seiches, are the likely cause of sediment resuspension
in deep lakes with thermal stratification. Both surface seiches (epilimnion oscillation) and in-
ternal seiches (metalimnion oscillation) can occur after the cessation of wind stress when the
water mass tilted towards the upwind end of a lake begins to flow back, due to the force of
gravity (Mortimer, 1951, 1953). Both the periodicity and amplitude of internal seiches are
much greater than those of surface seiches (Mortimer, 1951, 1953; Wetzel, 2001). The verti-
cal movement of the metalimnion scours the bottom, especially on the sides and ends of the
basin, causing sediment resuspension. Internal currents and waves mainly affect the water
quality of the hypolimnion (Rosa, 1985; Bloesch, 1995), but during the appearance of
metalimnetic entrainment considerable mixing of water, solutes and organisms across the
epilimnetic-metalimnetic interface can occur (Gloor et al., 1994; Weyhenmeyer, 1996; Wet-
zel, 2001). Therefore, the effects of internal seiches and progressive waves (horizontal oscil-
lation associated with shearing flow at the metalimnetic interfaces) on sediment resuspension,
gross sedimentation and the concentration of SS can also be substantial in deep lakes (e.g.
Gloor et al., 1994; Weyhenmeyer, 1996). The effects of direct wind and wave activities on
sediment resuspension and water quality are enhanced during turnover periods (Bloesch,
1995; Weyhemeyer, 1996).
On steep slopes sediment accumulation is minor or negligible, due to the force of gravity,
which causes slumping and sliding that in turn result in sediment focusing (Håkanson, 1977;
Bloesch and Uehlinger, 1986; Hilton et al., 1986). The oscillation of thermocline and near-
bottom currents can enhance this type of sediment transport, resulting in turbidity currents
(Håkanson, 1977) and nepheloid layers with a high concentration of SS (Bloesch and Uehlin-
ger, 1986; Lemmin and Imboden, 1987; Gloor et al., 1994; Marti and Imberger, 2006).
As in shallow areas, bioturbation caused by benthic animals can also increase sediment re-
suspension in deep lakes (Andersson et al., 1988). Regardless of the depth of the lake, river
and groundwater intrusions can also cause sediment resuspension (e.g. Lesht and Hawley,
1987; Casamitjana and Roget, 1993).
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1.2 Resuspension, suspended solids and turbidity
Turbidity is a visual property of water. An increase in turbidity implies declining water clarity
caused by suspended particles. Suspended particles in the water column mainly originate from
the drainage basin as a result of soil erosion and decomposition of rocks and plants as well as
from primary production (Bruton, 1985). Particles that have entered a lake and settled onto
the bottom may return into the water column by sediment resuspension. Especially fine inor-
ganic resuspended particles such as clay and silt may remain in suspension for long periods of
time, causing turbidity (Bengtsson and Hellström 1992; Brydsten, 1992; Kalff, 2002; Lind,
2003). In very productive lakes, organic particles originating from primary production can be
of major importance in contributing to the turbidity of the water. During and after strong algal
blooms, there is plenty of fresh, loose material to resuspend and maintain high levels of tur-
bidity (Bengtsson et al., 1990; Bengtsson and Hellström, 1992).
The increase in concentration of resuspended solids, which results in increased turbidity,
can have severe ecological impacts via changing of the light climate in a lake. By scattering
and absorbing light, the high concentration of SS may depress the productivity of phyto-
plankton and macrophytes by reducing the available light and depth of the photosynthetic
zone (Bruton, 1985; Hellström, 1991; Lind, 2003). Although in general the deterioration in
the light climate caused by additional SS can be seen as a negative effect of resuspension on
phytoplankton production (Hellström, 1991), the low-light conditions may favour cyanobacte-
rial dominance, since these are well adapted to low light intensities (Reynolds, 1984;
Burkholder et al., 1998; Levine and Schindler, 1999). Via altered light climate, resuspension
was also postulated to favour phytoplankton dominance over macrophytes (Scheffer et al.,
1993; Hamilton and Mitchell, 1997). The feeding of herbivorous zooplankton and fish as well
as the predator-prey interactions controlling the trophic state of a lake may also be influenced
by increasing turbidity (Gliwicz and Rybak, 1976; Dillon et al., 1990; Kirk and Gilbert, 1990;
Lind, 2003; Horppila et al., 2004; Pekcan-Hekim, 2007).
1.3 Resuspension and internal nutrient loading
1.3.1 Phosphorus
The phosphorus pools in sediments are very large and the cycling of P between the sediment
and water column is dependent on several biological and physicochemical factors (Boström et
al., 1982). Sediment resuspension enhances P cycling by bringing sedimentary nutrients back
into the water column (Andersen and Lastein, 1981; Boström et al., 1982). Numerous studies
showed that resuspension is an important factor contributing to the total phosphorus (TP) and
soluble reactive phosphorus (SRP) concentrations of lake water (de Groot, 1981; Kristensen
et al., 1992; Søndergaard et al., 1992; Koski-Vähälä and Hartikainen, 2001). Resuspension
can even be the main factor that contributes to the P flux between water and sediment, and
thus plays a very important role in internal P loading (Kristensen et al., 1992; Søndergaard et
al., 1992). The exchange of P between resuspended particles and the ambient solution is af-
fected by the concentration and P saturation of solids, particle-size distribution, redox, pH,
CaCO3 content and organic carbon (Berkheiser et al., 1980; Boström et al., 1982, 1988a;
Drake and Heaney, 1987).  Therefore the effects of resuspension on P concentrations can
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vary. There is indisputable evidence that resuspension events can enhance P release (Rippey,
1977; Søndergaard et al., 1992, 2001), but the reverse effect, i.e. P adsorption by suspended
particles, can also occur, depending on the chemical and physical conditions in the water col-
umn (de Groot, 1981; Lennox, 1984; Koski-Vähälä and Hartikainen, 2000). Negligible effects
of resuspension on SRP concentrations were also reported (Peters and Cattaneo, 1984).
Phosphorus and its reactions in the sediment are generally related to the chemistry of iron
and the redox potential. Various studies have demonstrated that conditions of low redox po-
tential in sediment lead to the release of Fe-bound P to the overlying water (Mortimer, 1941,
1942; Boström et al., 1982). Microbial processes can govern the release of P in organic-rich
sediments and sandy sediments poor in metal oxides (Gächter et al., 1988; Van Duyl et al.,
1993). However, the release appears to be controlled by chemical mechanisms when high
concentrations of metal oxides are present (Kairesalo et al., 1995).
Anaerobic release of P occurs e.g. in deep lakes with anoxic hypolimnia or shallow lakes
suffering from oxygen depletion during ice cover. In deep lakes, sediment resuspension
caused by internal waves can enhance the liberation of P and dispersion of released P even to
the epilimnion via metalimnetic entrainment and upwelling of hypolimnetic water (Larsen et
al., 1981; Pierson and Weyhenmeyer, 1994; Weyhenmeyer, 1996). Although in general an-
oxic conditions are considered to favour P release, the aerobic release of P can also be sub-
stantial (e.g. Golterman, 1976; Boström et al., 1982; Søndergaard et al., 2003). The liberation
of P under aerobic conditions is often related to sediment resuspension and occurs in shallow
lakes, since sediment is resuspended particularly in shallow areas and frequent resuspension
leads to well-oxygenated conditions in the surface sediment. Under aerobic conditions, espe-
cially at high pH, P can be released from fine-grained minerals such as Fe and Al oxides and
clay minerals with surficial Fe and Al (hydr)oxides via ligand-exchange reactions in which P
is substituted for by OH– (Hingston et al., 1967; Andersen, 1975; Hartikainen, 1979;
Lijklema, 1980; Koski-Vähälä and Hartikainen, 2001). The substitution may also be promoted
by silicate anions (Koski-Vähälä et al., 2001). Sediment resuspension contributes to P release
by transporting material to water layers where the pH is elevated due to primary production
and the pH-buffering capacity is lowered compared with the sediment-water interface (Bo-
ström et al., 1982; Drake and Heaney, 1987; Koski-Vähälä and Hartikainen, 2001). The as-
similation by phytoplankton also decreases the SRP concentration in the water, which in turn
may further enhance P liberation (Yli-Halla and Hartikainen, 1996).
The effect of pH and sediment resuspension on the liberation of P has been widely studied
(e.g. Andersen, 1975; Lijklema, 1980; Boström et al., 1982; Søndergaard, 1989; Søndergaard
et al., 1992; Koski-Vähälä and Hartikainen, 2001, Koski-Vähälä et al., 2001; Tallberg and
Koski-Vähälä, 2001). However, experimental studies conducted in the field are scarce. Since
resuspension is a multiphase phenomenon, laboratory results are not necessarily applicable to
field conditions (Koski-Vähälä and Hartikainen, 2000).
1.3.2 Nutrient ratios
Phosphorus is often the limiting nutrient for primary producers in lakes (Molot and Dillon,
1991; Kim et al., 2007). Internal P loading is of major importance for lake ecosystems, espe-
cially when it exceeds the external loading; e.g. resuspension-mediated internal P loading may
delay the recovery of a lake after reductions in external loading (Søndergaard et al., 1999;
Scharf, 1999). The increase in P concentration due to resuspension may often increase pri-
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mary production (Boström et al., 1982). Primary production may also be increased if resus-
pension brings sedimented phytoplankton (meroplankton) back to the water column (Hamil-
ton and Mitchell, 1988; Carrick et al., 1993). On the other hand, if bioavailable P is adsorbed
onto resuspended particles, no increase in lake productivity occurs (Demers et al., 1987).
Although most resuspension studies have focused on P dynamics, the importance of re-
suspension on nitrogen recycling was also documented (Simon, 1988; Gálvez and Niell, 1992;
Reddy et al., 1996). Sediment resuspension tends to decrease the total nitrogen to total phos-
phorus ratio (TN:TP) in the water, since the ratio is usually lower in the surface sediment than
in the water, due to denitrification (Kaspar, 1985; Hamilton and Mitchell, 1988; Gálvez and
Niell, 1992). For instance, Schelske et al. (1995) reported that during a period of wind-in-
duced intensive sediment resuspension, the TP concentration in the water column of a shallow
lake increased nearly twofold but the TN concentration by only one fifth. Sediment resuspen-
sion may therefore induce switches between P and N limitation (Hamilton and Mitchell,
1997). This may have important implications for algal communities, because low TN:TP ra-
tios can favour N-fixing cyanobacteria over other phytoplankton groups (Smith, 1983;
Sterner, 1989; Levine and Schindler, 1999).
1.4 Resuspension and climate change
The effects of resuspension on the availability of P for algal growth are, as discussed earlier,
complicated. Although many causal effects in this area need to be clarified, climate change
will play an important role in future scenarios. The effects of climate change on wind speeds
are difficult to predict, but it is assumed that with increasing temperatures the probability of
storms, which are particularly important resuspension-causing events, will increase
(Bentgsson et al., 1990; Melillo et al., 1990; Beniston, et al., 2007). Additionally, it was pre-
dicted that the formation of ice cover will be delayed, the ice-cover period will be considera-
bly shorter and that there will be ice-free periods in temperate lakes during winter (Kuusisto,
1989; Huttula et al., 1992; Fang et al., 1998; Korhonen, 2006). This trend will affect sediment
resuspension and possibly enhance internal P loading both in shallow and deep lakes. Studies
on the effects of shortened ice-cover duration on internal P loading via effects on sediment
resuspension are scarce. Consequently, investigating this area is of great importance, espe-
cially in areas where the annual duration of the ice cover in the present climate is considerable
and numerous shallow lakes exist.
1.5 Aim and importance of the study
The aim of the study was to stress the importance of sediment resuspension as a water quality
regulator in lakes. The main interests were the effects of resuspension on water clarity, con-
centration of SS, and important plant nutrients (P, N). Article I describes the importance of
sediment resuspension as a phenomenon that contributes to the total settling flux, concentra-
tion of SS, and turbidity both in shallow and deep areas of Lake Hiidenvesi (Fig. 1). Article II
focuses on the same variables in small, deep Lake Rehtijärvi (Fig. 1). Article III focuses on
internal TP loading and effects of the ice-cover on resuspension in Kirkkojärvi, the shallowest
basin of Lake Hiidenvesi (Fig.  1).  Articles IV and V examine the effect of resuspension on
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internal P loading more thoroughly (Fig. 1). Article IV describes the temporal variation in P
concentrations controlled by resuspension and article V defines under which circumstances
the liberation of P from resuspended particles occurs in the Kirkkojärvi basin (Fig. 1). Article
V, an experimental study conducted in the field, provides an interesting approach to the area
of aerobic release of P due to sediment resuspension. Article VI examines the effect of resus-
pension on TN:TP ratios in relation to external loading and the possible consequences of re-
suspension for the algal community in the Kirkkojärvi basin (Fig. 1).
Figure 1. Schematic summary of the thesis.
2. MATERIAL AND METHODS
2.1 Study areas
2.1.1 Lake Hiidenvesi
Lake Hiidenvesi (30.3 km2) in southwestern Finland (60º24´ N, 24º18´ E) comprises several
separate basins differing in morphometry and water quality (Fig. 2, Table 1). Due to heavy
external loading, the lake has for decades suffered from eutrophication, and harmful cyano-
bacterial blooms have been observed regularly since the 1960s (Harjula, 1970). The present
external P loading (0.5–1 g P m-2 y-1) (Ranta et al., 2007) comes mainly from rivers Vanjoki
and Vihtijoki (Fig. 2).
The two shallowest basins, Kirkkojärvi and Mustionselkä, are the most eutrophic and tur-
bid and the Secchi depth rarely exceeds 0.5 m during summer (Table 1). Kirkkojärvi serves as
the recipient for waters from River Vihtijoki. The third basin in the continuum, Num-
melanselkä, temporarily stratifies in summer. The largest and deepest basin of the lake is
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Kiihkelyksenselkä, which is less eutrophic and turbid than the shallower basins (Secchi depth
app. 1.0 m) (Table 1). The Kuninkaanlahti basin is a part of the Kiihkelyksenselkä basin and
serves as the recipient for waters from River Vanjoki. From the Sirkkoonselkä basin water
flows out of Lake Hiidenvesi via River Väänteenjoki. All the deep basins (Kiihkelyksenselkä,
Kuninkaanlahti and Sirkkoonselkä) stratify during summer (Tallberg et al., 1999; Niemistö,
2003). The lake is ice-covered from November/December to April. The bottom sediment in
Lake Hiidenvesi is quite inorganic, consisting mainly of clay. The organic content in the top-
most 1 cm is approximately 10–20% in Kirkkojärvi and 7–12% in the deep basins, (Horppila
and Nurminen, 2001, 2003; Niemistö, 2003). All the basins of Lake Hiidenvesi were included
in the first study (Fig.1 in I). Studies III–VI were conducted in Kirkkojärvi (Fig. 1 in III and
IV).
Table 1. Characteristics of the main basins of Lake Hiidenvesi. Values for water quality parameters are
average values from the measurements conducted during 1997–2006 (Horppila, 2005; I, III–VI).
2.1.2 Lake Rehtijärvi
Lake Rehtijärvi is situated in southern Finland (60º51’ N, 23º30’ E) (Fig. 2). The surface area
of the lake is 0.4 km2 and the maximum and average depths are 25 m and 9.2 m, respectively.
The lake is elongated, its northwest to southeast length is 2.0 km and maximum width 0.3 km.
The lake is eutrophic and its TP concentration usually varies between 50 and 100 µg l-1 and
TN concentration between 600 and 1200 µg l-1 (Alajärvi et  al.,  1994).  Due to the high con-
centration of inorganic SS, water turbidity in the epilimnion usually exceeds 20 nephelometric
turbidity units (NTU) and often approaches 100 NTU in the near-bottom layers. The lake is
normally frozen from November to April. Water inflow to the lake occurs via four small
brooks, whereas outflow occurs only through the groundwater.
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Figure 2. Maps of Lake Hiidenvesi (studied basins and depth contours are shown) and Lake Rehtijärvi
(depth contours and sampling stations 1 to 3 are shown).
2.2 Gross sedimentation and resuspension
Gross sedimentation and sediment resuspension (I–IV and VI) were estimated with cylindri-
cal sediment traps (plastic tube, diameter = 5.4 cm, aspect ratio = 7.5:1 in I and II and 6:1 in
III, IV and VI). The extensive, spatially comprehensive trap data were used in articles IV and
VI. The traps were located 1.0 m above the lake bottom and just below the thermocline in ar-
ticles I and II (trap locations: Fig. 1 in I,  stations  1  and  3–6;  Fig.  1  in II,) and 0.4–0.5 m
above the lake bottom in articles III, IV and VI (trap locations: Fig. 1 in III and IV, the de-
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ployment was the same for IV and VI).  The aspect  ratio  of  the traps used was sufficient  to
avoid sediment resuspension from the trap (Bloesch and Burns, 1980), and cylindrical traps
are best at avoiding undertrapping and overtrapping (Hargrave and Burns, 1979). If sediment
traps are deployed in lake deeps, the trap method usually leads to overestimation of gross
sedimentation and resuspension due to sediment focusing (Weyhenmeyer, 1998). Therefore
the traps were deployed so that the spatial coverage was comprehensive in studies II–IV and
VI. The trap exposure period, which was app. 14–21 days in most of the studies, was used in
earlier studies in Lake Hiidenvesi during summer (Horppila and Nurminen, 2001, 2003; Tall-
berg et al., 2005) and is acceptable at the temperatures found in this lake (Bloesch and Burns,
1980). In article III, the trap exposure period had to be extended to 28 days during the ice-
covered periods to ensure that enough material was trapped. Mineralization of organic matter
at this interval was considered minimal, because it is very slow at low water temperatures (< 4
ºC) (Hargrave, 1969; Granéli, 1978).
The trap samples were settled for 24 hours and most of the supernatant liquid was si-
phoned off before taking subsamples. The dry weight (dw) of the trap material and surface
sediment was measured after drying the samples at 105 ºC and the organic fraction by ignition
at 550 ºC. Surface sediment samples (the topmost 0–1 cm layer) were collected at each trap
location with a Limnos sediment sampler in articles I–III and a Kajak corer in articles IV–VI.
Seston (T) samples for concentration of SS were collected with a Limnos tube sampler
(height 1 m, volume 7.5 l) and water samples were filtered through fibreglass filters
(Whatman GF/C), dried at 105 ºC and measured for dry weight. The organic fraction of the
SS was determined by ignition at 550 ºC.
Sediment resuspension (R) was calculated according to Gasith (1975):
TR
TS
ff
ffSR ?
?? , where
S = gross sedimentation (g dw m-2 d-1)
fS = organic fraction of S
fR = organic fraction of the surface sediment
fT = organic fraction of seston T collected from the water column
This method is applicable to shallow water bodies and is based on the assumption that the or-
ganic matter content of the bottom sediment is different from that of suspended seston (Blom-
qvist and Håkanson, 1981).
2.3 Water quality parameters
Water samples for the concentration of TN, TP, SRP, and chlorophyll a were collected con-
comitantly with SS sampling (a Limnos tube sampler). The concentrations of TN and TP were
determined, using the method of Koroleff (1979) and SRP according to Murphy and Riley
(1962) (Lachat autoanalyser, QuickChem Series 8000). Samples for chlorophyll a were fil-
tered onto fibreglass filters (Whatman GF/C) and analysed spectrophotometrically after ex-
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traction with ethanol (II, IV and VI). In all the studies, turbidity, the concentration of dis-
solved oxygen (DO), water temperature and pH were measured with a YSI6600 sonde.
In the experimental study (V), the intensity of the resuspension treatment was evaluated
with turbidity measurements. To be able to use turbidity as a measure of SS, a linear regres-
sion model between turbidity and concentration of SS was established, using different con-
centrations of sediment from the Kirkkojärvi basin (y = 1.5515x - 4.7178, R2 = 0.9883, p <
0.0001). Similarly, to determine the concentration of chlorophyll a in the experimental study
(V), a linear regression model between fluorescence measurements (V, sonde) and the con-
centration of chlorophyll a (data in IV) was established (August: y = 6.4768x - 22.7530, R2 =
0.6269, p < 0.0001; October: y = 4.1015x - 3.6351, R2 = 0.7587, p < 0.0001; in May no chlo-
rophyll a values were calculated, due to technical problems with the fluorescence sensor).
2.4 Phosphorus and nitrogen in the surface sediment
In article III, the concentration of TP in the surface sediment (at each trap location) was de-
termined (Lachat autoanalyzer, QuickChem Series 8000) after wet combustion with sulphuric
acid and hydrogen peroxide (Milestone Ethos 1600 microwave oven). For articles IV and VI,
the concentrations of TP in the surface sediment (0–1 cm) were determined from samples
dried  at  60  ºC  with  an inductively coupled plasma mass spectrometer (PerkinElmer ELAN
6000 ICP-MS) after wet combustion with nitric acid and hydrogen peroxide (Milestone Ethos
1600 microwave oven). The concentration of TN in the surface sediment was determined with
a LECO CHN-900 analyser in article VI. Additionally, the resuspension of TN and TP at each
sampling station was calculated with the resuspension rate and nutrient concentration of the
surface sediment in articles III and VI (Horppila and Nurminen, 2003).
2.5 Seiche tracing in Lake Rehtijärvi
To study the occurrence of internal seiches after the stabilization of summer stratification (12
July),  a  chain of  five thermistors  was moored at  stations 1 and 2 and retrieved after  the au-
tumn circulation (26 October) (II). The thermistors were placed at depths of 4, 5, 6, 7 and 8 m
and had a measurement interval of 30 minutes. The dependence of the sediment resuspension
rate on seiche amplitude (daily vertical variations of the 8 ºC isotherm) was studied with lin-
ear regression analysis. The location of the isotherm at each time was calculated, using linear
interpolation (Wiegand and Chamberlain, 1987).
2.6 Experimental approach to resuspension-mediated aerobic release of phosphorus
2.6.1 Experiments
The effects of resuspension events were studied at three different periods during the ice-free
season in 2006. The experiments were conducted on 18 May, 2 August and 10 October in ex-
perimental columns that were placed open to the lake bottom at a depth of 1 m. The height of
each column was 1.3 m and the diameter 18.5 cm. Three columns were used as control units
while in the other three columns resuspension was induced with a piston (Søndergaard et al.,
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1992). The piston was moved 10 minutes in the uppermost 50 cm of water, simulating the
maximum wave heights usually occurring in Kirkkojärvi (Horppila and Nurminen, 2001). In
the experiments, the aim was to create resuspension strong enough to transport all potentially
resuspending material into the water column and elevate the concentration of SS to 200–300
mg  l-1, which is a level found in many shallow lakes after intensive resuspension events
(Hamilton and Mitchell, 1996; James et al., 2004).
Sampling was conducted from the treated columns and from the control columns before
the induced resuspension, immediately after the mixing was stopped, and then 20, 40, 60, 90,
120, 180 and 240 minutes after the resuspension treatment. The samples were taken from a
depth of 45 cm with a small plastic bottle. The water samples were stored on ice until they
were transported to and analysed in the laboratory. For the analysis of SRP, 50 ml of water
from each sample were filtered in the field immediately after sampling through a membrane
filter (Schleicher & Schuell, pore size 0.45 µm). Additionally, the flux of resuspending SRP
and TP during the experiment was calculated (equation in V) (e.g. Steinman et al., 2004).
2.6.2 Phosphorus fractionation
The responses of the different P pools to environmental factors may give valuable information
when the potential for internal P loading is assessed (Koski-Vähälä, 2001). Therefore, to aid
in the interpretation of the experimental results, the different pools of P in the surface sedi-
ment of Kirkkojärvi were determined in May and August 2007 to ascertain the seasonal de-
velopment of these pools (Chang and Jackson, 1957, modified by Hartikainen, 1979) (V). The
fractionation procedure separates P into four fractions by sequential extractions with NH4Cl,
NH4F, NaOH and H2SO4. NH4Cl extracts labile P, NH4F aluminium-related P (Al-P), NaOH
iron-related P (Fe-P) and H2SO4 calcium-related P (Ca-P).
2.7 Wind data and wave disturbance
2.7.1 Wind data
For article II, the data on wind velocity and direction (eight measurements per day) were ob-
tained from the Finnish Meteorological Institute station at Jokioinen, 4 km from Lake Rehti-
järvi. For articles IV and VI, the data on wind velocity and direction (eight measurements per
day) were obtained from Helsinki-Vantaa Airport, 40 km east of Kirkkojärvi.
2.7.2 Wave disturbance at the Kirkkojärvi basin
To study the role of wave disturbance in promoting sediment resuspension (VI), the method
of Hamilton and Mitchell (1988), which takes into account the wavelength as well as the wa-
ter depth, was used:
wave action =
Z
H 2
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where H is the wave height and Z the water depth. The wave action was calculated for each
sampling station and sampling period. The theoretical wavelengths at each station were cal-
culated using, equations presented by Carper and Bachmann (1984) (equations in VI). The
wave height was calculated as one-half the wavelength. It can be assumed that when wave-
length exceeds twice the water depth, waves disturb the surface sediment (Carper and Bach-
mann, 1984).
2.8 External loading
In article I,  the external  loading of  SS from the inflowing Vanjoki  and Vihtijoki  rivers  was
estimated based on the data received from local authorities (Water and Environment of West-
ern South Finland) (Ranta and Jokinen, 2001). For articles III–VI, the loading entering the
Kirkkojärvi basin via River Vihtijoki was calculated, using daily discharge measurements and
SS, TN and TP concentrations (measured at 1- to 4-week intervals) (Ranta and Jokinen, 2006;
Ranta et al., 2007).
2.9 Statistical analyses
Analysis of variance (SAS Institute, 1990) was used to test the differences between different
sampling times the in measured parameters. Whenever serial autocorrelation within the data
occurred, analysis of variance for repeated measurements was used (I, III, V). Before the
analyses, the results as a percentage of the total values were arcsin x -transformed (II, IV, VI).
The normality of the datasets was studied with the Shapiro-Wilk test and log-transformed if
necessary (IV, V, VI). Paired comparisons were conducted with Bonferroni t-tests. The rela-
tionship between the rate of sediment resuspension and SS as well as between SS and water
turbidity was studied with linear regression (I). The associations of TP and SRP with the SS
and chlorophyll a concentrations were also studied with linear regression (II, IV).
3. RESULTS
3.1 Gross sedimentation and resuspension (I–IV, VI)
Spatial sedimentation measurements showed that the gross sedimentation rates were higher in
the shallowest Kirkkojärvi basin (3.2–10.5 g dw m-2 d-1) than in the deeper basins of Lake
Hiidenvesi (traps 1 m above bottom; 3.2–5.2 g dw m-2 d-1)  (Table  1  in I) (Table 2). In the
deep basins, the gross sedimentation rate measured from the upper traps (just below the ther-
mocline) did not differ from the lower trap measurements (p = 0.510) (Table 2). In Lake Reh-
tijärvi, the results were contrasting. The gross sedimentation rates measured at the shallow
station (6–27 g dw m-2 d-1) were lower than at the deep stations (traps 1 m above bottom; 6–
46 g dw m-2 d-1) (p < 0.001) (Table 2). The gross sedimentation rates measured from the up-
per traps of the deep stations were lower than the rates measured from the near-bottom traps,
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especially when the midsummer maximum was taken into account (12 July–9 August, upper
traps: 4.7–20.6 g dw m-2 d-1; lower traps 40–45 g dw m-2 d-1) (p = 0.002) (II).
The gross sedimentation measurements conducted with the sedimentation traps 0.4–0.5 m
above the bottom in the Kirkkojärvi basin gave overall higher values than the traps 1 m above
the lake bottom (Table 2). The rates measured for articles IV and VI varied between 10.4 and
117.3 g dw m-2 d-1 during the open-water season and the highest values were recorded in
July–August. In article III, the rates measured under the ice cover were significantly lower
(0.3–3.8 g dw m-2 d-1) than those measured after ice breakup (9.1–74.5 g dw m-2 d-1) (Table
2).
Apart from a few exceptions, resuspension constituted most (51–97%) of the gross sedi-
mentation (I–IV, VI). In Lake Rehtijärvi, the highest absolute rates (g dw m-2 d-1) were ob-
served in July (II). Indicating the importance of sediment resuspension, the regression be-
tween the resuspension rate and the average daily amplitude of the 8 ºC isotherm was statisti-
cally significant (R2 =  0.78,  p = 0.0016) (II). In Lake Hiidenvesi, the highest resuspension
rates for 2005 (III) were measured in May and for 2006 (IV, VI) in July–August. The lowest
values of resuspension (13–16%) as a percentage of the total flux were measured under the
ice cover or from the traps 1 m above the bottom (I, II). Values exceeding 100% were meas-
ured close to the inlet of River Vihtijoki in the Kirkkojärvi basin under the ice cover (III) or
from the near-bottom traps during the highest resuspension events in Lake Rehtijärvi (II).
Table 2. Gross sedimentation rate (g dw m-2 d-1) and sediment resuspension (%) (method of Gasith,
1975) of different studies (I–IV, VI).
3.2 External loading of suspended solids (I–IV, VI)
In article I, the effect of external loading of SS from the inflowing rivers (Vihtijoki and Van-
joki) on gross sedimentation was considerable only in spring and autumn in Lake Hiidenvesi.
In Kirkkojärvi, the external loading of SS from River Vihtijoki constituted approximately 20–
50% of the gross sedimentation rate in May and 30% in September (I). During the other
months, the river load was markedly lower. In the deep basins (Kiihkelyksenselkä and
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Kuninkaanlahti), loading of SS from River Vanjoki constituted 20% of the gross sedimenta-
tion  in the near-bottom traps in May and during the other months less than 10% (I).
During winter under the ice cover, when the gross sedimentation rates were low overall,
the external SS loading constituted 70–100% of the total flux in Kirkkojärvi (III). During the
May study periods, the external loading constituted 20% or less of the gross sedimentation
rates (III). In articles IV and VI, the effect of River Vihtijoki on the gross sedimentation rates
was significant only in May.
Due to the lack of major incoming rivers, no marked river water intrusions contributed to
the gross sedimentation rate in Lake Rehtijärvi (II).
3.3 Relationships between resuspension, SS concentration and turbidity (I, II)
The rate of sediment resuspension associated with the concentration of SS in Lake Hiidenvesi
and the dependence between the concentration of SS and turbidity was significant and posi-
tive (Fig. 3) (I).
In the hypolimnion of Lake Rehtijärvi, no significant dependence between SS and turbid-
ity was found (R2 = 0.15, p = 0.079) but in July, when the strongest resuspension events were
observed, the values for both factors were highest (July, SS: 18–19 mg l-1; turbidity: 95–100
NTU)  (Fig.  4)  (II). After peaking, the SS concentration decreased steeply but the turbidity
remained high later in the summer (Fig. 4).
3.4 Effect of phytoplankton on turbidity (I, II, IV)
The results of article I showed a weak but significant dependence between organic SS and
turbidity in Lake Hiidenvesi (R2 = 0.069, p = 0.007). The spatially comprehensive data from
the Kirkkojärvi basin showed a very strong and positive dependence between the chlorophyll
a concentrations and turbidity (Fig. 5a) (IV). The chlorophyll a concentrations and turbidity
values were considerably high in midsummer. In the epilimnion and shallow part of Lake
Rehtijärvi, a negative dependence between chlorophyll a concentrations and turbidity was
found (Fig. 5b) (II).
22
Figure 3. Relationship between (a) the resuspension rate and SS (R2 = 0.46, p < 0.001) and between (b)
SS and turbidity (R2 = 0.50, p < 0.001) in Lake Hiidenvesi (I).
Figure 4. Variation in concentration of SS and turbidity in the hypolimnion (12–20 m) of Lake Rehtijärvi
(II, modified).
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Figure. 5. Relationship between the chlorophyll a concentrations and turbidity (a) in Kirkkojärvi (R2 =
0.84, p < 0.001) (IV, modified) and (b) in the epilimnion and shallow part of Lake Rehtijärvi (R2 =
0.198, p = 0.0095) (II, modified).
3.5 Relationships between the concentrations of SS, TP and SRP (III, IV)
Article III focused on the variation in SS and P concentrations under the ice cover and after
ice breakup as well as on the relationships between these variables in the shallow Kirkkojärvi
basin (time period of the study; 8 February–25 May, ice breakup 19–22 April). Most of the
SS and TP measurements were higher on the ice-free sampling dates (average SS: 16.6 mg l-1,
TP: 78 µg l-1) than on the ice-cover dates (average; SS: 8.2 mg l-1, TP: 72 µg l-1) (Fig. 6a). In
contrast to the TP values, the SRP values were significantly lower during the ice-free periods
(average; ice cover: 22.5 µg l-1, ice-free: 6.3 µg l-1) (Fig. 6b) (p < 0.001). The TP had a posi-
tive (R2 = 0.38, p = 0.004) and SRP a negative (R2 = 0.48, p = 0.001) dependence on SS when
the ice-cover and ice-free observations were pooled (Figs. 6a, 6b).
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Figure 6. Dependence between (a) SS and TP and between (b) SS and SRP, ice-cover and ice-free
observations pooled (III, modified).
Article IV focused on the variation in SS and P concentrations and on the relationships
between these variables during the open-water season in Kirkkojärvi. As in article III, the
concentration of SS had a significant positive effect on TP (8 May, 25 July, 8 August and 17
October, Table 2 in IV). The concentrations of SS and TP were highest in midsummer (aver-
age, 25 July; SS: 32 mg l-1, TP: 193 µg l-1, 8 August; SS: 29 mg l-1, TP: 281 µg l-1) (Fig. 7a).
In contrast to the TP values, the SRP values were significantly higher only on 8 August (aver-
age 73 µg l-1) than on the other dates (Fig. 7b). The effect of SS on SRP was positive on 22
May and negative on 8 August (Figs. 7a and 7b, Table 2 in IV).
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Figure 7. Effect of suspended solids (SS) on (a) total phosphorus (TP) concentrations and (b) soluble
reactive phosphorus (SRP) concentrations at the beginning and end of the trap exposure periods.
3.6 Experimental approach to resuspension-mediated aerobic release of phosphorus (V)
The  water  temperature  and  pH  in  the  experimental  columns  were  highest  in  August  (May:
13.0–13.5 °C, pH: 7–8; August: 19.6–20.3 °C, pH: 9.0–9.6; October: 10.5–10.9 °C, pH: 7–8).
The concentration of DO varied between 6.5 and 11.5 mg l-1 in the experiments.  In May and
October, no statistical differences between the resuspension columns and the control columns
in the average values for these parameters were found (p > 0.05) (V). In August, the water
temperature (p = 0.003), DO concentration (p = 0.0004) and water pH (p < 0.0001) were sig-
nificantly lower in the resuspension columns than in the control columns (V). No difference
between the control columns and the lake water outside the columns was detected.
The resuspension treatment substantially elevated the concentration of SS from the initial
level in each of the three experiments. Thereafter, the SS concentration decreased constantly
in all the experiments (May, August, October). The concentration of TP closely followed the
pattern of SS. After the resuspension event, TP increased steeply from the initial level (May:
from 61 to 249 µg l-1; August: from 246 to 529 µg l-1; October: from 88 to 533 µg l-1) (Fig.
8a–f). Similar to SS, the concentrations of TP decreased rapidly after the treatment and at the
end of the experiments the average concentration was 82 µg l-1 in May, 277 µg l-1 in August
and  126  µg  l-1 in October (Fig. 8a–f). In the control units, the concentration of TP did not
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change during the experiments (Fig. 8a–f). In comparison to the control columns, the con-
centration of SRP increased slightly in May (from 6 to 10 µg l-1) and markedly in August
(from 30 µg l-1 to 47 µg l-1), due to the resuspension treatment. In October, no increase was
observed (Fig. 8a–f).
Figure 8. Changes in the TP and SRP concentrations during the experiment on 18 May (a, b), 2 August
(c, d) and 10 October (e, f) (± 95% confidence limits) (V) (note the different scales on the y-axes).
The net flux of TP into the water column was 188 mg m-2 after a 10-min mixing and 21
mg m-2 after 4 hours in May. In August, the flux was 283 mg m-2 in 10 minutes and 31 mg m-2
in 4 hours. In October, the immediate flux was 445 mg m-2 and the 4-hour net flux 38 mg m-2.
In the control columns, no net TP flux into the water column was detected after a 10-min re-
suspension or after 4 hours in any of the experiments.
The immediate flux of SRP into the water due to the resuspension treatment was < 1 mg
m-2 in May. In August, the flux of SRP from the sediment into the water column caused by
the treatment was 17 mg m-2,  14 mg m-2 of which still remained in the water column after 4
hours. The SRP constituted 46% of the TP flux. In October, resuspension did not induce any
net flux of SRP into the water column.
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The development of the chlorophyll a concentration in the experimental columns was
similar in August and October, but the values were markedly lower in October. After the
mixing, the concentrations increased from the initial values and decreased thereafter to similar
levels within 4 hours (August: 127 µg l-1? 184 µg l-1?142 µg l-1; October: 24 µg l-1? 55
µg l-1 ? 32 µg l-1). In the control columns of each experiment, the chlorophyll a concentra-
tions were similar to the initial concentrations throughout the study (August: app. 130 µg l-1;
October app. 30 µg l-1) (V).
The results of the fractionation of P in the surface sediment showed that from May to Au-
gust the Al-P fraction decreased from 39.6 mg kg-1 to 25.5 mg kg-1 and the Fe-P fraction from
145.4 mg kg-1 to 90.6 mg kg-1. The fraction of labile P increased from 1.2 mg kg-1 to 4.2 mg
kg-1 and the fraction of Ca-P from 319.0  to 358.2 (Fig. 4 in V).
3.7 Seasonal variation in the TN:TP ratio in the Kirkkojärvi basin – External versus in-
ternal loading (VI)
3.7.1 Wave action in the Kirkkojärvi basin (VI)
No major  storms occurred during the study.  The maximum daily wind velocities  during the
sampling periods only occasionally exceeded 12 m s-1 (Fig.  6  in VI). Due to exceptionally
low precipitation during the summer, the water level decreased during the study. The average
depth at the sampling stations was 1.8 m on 8–22 May, 1.6 m on 25 July–8 August and 1.4 m
on 2–17 October. Wave action values were in general lowest in July–August and highest in
October (Fig. 6 in VI). Statistically, no difference between May and July–August was found,
but in October wave action was significantly stronger than in July–August (Table 1 in VI).
3.7.2 TN:TP ratio in the water column, inflowing river water and sediment (IV, VI)
The TN:TP mass ratio in the water column of Kirkkojärvi was 31 on 8–22 May, but decreased
significantly during the summer and was 7–11 on 25 July–8 August (Fig. 9, Table 1 in VI). In
October, the TN:TP ratio increased again to 19. A similar seasonal pattern in the incoming
river water was observed. The TN:TP ratio in River Vihtijoki was above 30 during January–
March, 22 during the 8–22 May study period, decreased steeply during the early summer and
dropped below 10 in July–August (Fig. 9). In October, the TN:TP ratio of the river water in-
creased again to 15. In the surface sediment, the ratio was 3 on 8–22 May, but increased to a
significantly higher level in July–August and October, when it reached 4 (Fig. 9, Table 1 in
VI).  The  TN:TP  ratios  in  the  water  column were  lowest  after  the  midsummer  study  period
that showed the highest resuspension rates (Fig. 2 in IV).
3.7.3 External loading and resuspension of nutrients (VI)
During the 8–22 May study period, the TN loading from River Vihtijoki was 188 mg m-2 d-1,
but below 45 mg m-2 d-1 in July–August and October (Fig. 10a). The external TP loading was
also clearly higher on 8–22 May (8.8 mg m-2 d-1) than in July–August or in October (1.9–2.2
mg m-2 d-1) (Fig. 10b).
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During 8–22 May, resuspension brought on average of 81.3 mg m-2 d-1 TN into the water
column (Fig. 10a). In July–August, TN resuspension reached 292.4 mg m-2 d-1 and decreased
again  to  83.0  mg m-2 d-1 in October (Fig. 10a). The resuspension-mediated TP loading was
27.6 mg m-2 d-1 in May, increased to 72.9 mg m-2 d-1 in July–August and decreased again to
21.7 mg m-2 d-1 in October (Fig. 10b). For both TN and TP, the resuspension-mediated inter-
nal loading was significantly higher on 25 July–8 August than during the other two study pe-
riods (Table 1 in VI).
3.7.4 Relationships between SS and TN:TP ratio and between chlorophyll a and TN:TP
ratio (VI)
The average SS concentration in the water was 8.5 mg l-1 in May, increased to a significantly
higher value of 28.6 mg l-1 in July–August and decreased again towards the autumn to 12.2
mg  l-1 in October (Table 1 in VI). The relationship between the SS concentration and the
TN:TP ratio in the lake water, as well as the relationship between the chlorophyll a concen-
tration and the TN:TP ratio were curvilinear. When the SS concentration exceeded 20 mg l-1,
the TN:TP ratio decreased rapidly below 15 and remained unchanged at higher SS concentra-
tions (Fig. 11a). Similarly, when the chlorophyll a concentration was low in May, the TN:TP
ratio decreased with the increasing chlorophyll concentration, but in July–August when the
chlorophyll a varied between 50 and 250 µg l-1, no dependence between the TN:TP ratio and
chlorophyll could be detected (Fig. 11b).
Figure 9. Seasonal fluctuations in the TN:TP mass ratio of inflowing river water, water column, and
surface sediment (± 95% confidence limits) (VI).
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Figure 10. Flux of (a) total nitrogen (TN) and (b) total phosphorus (TP) into the water column of
Kirkkojärvi from the drainage area and resuspension during the three intensive study periods.
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Figure 11. Relationship between (a) the concentration of suspended solids and the TN:TP mass ratio and
the relationship between (b) the concentration of chlorophyll a and the TN:TP mass ratio in the lake
water.
4. DISCUSSION
4.1 Gross sedimentation and resuspension (I–IV)
The sedimentation and resuspension results of this work were in concordance with previous
knowledge that sediment resuspension as a percentage of the total flux is often quite similar,
even if the total amount of settling resuspended sediment can significantly differ among lake
ecosystems (Weyhenmeyer, 1998). Regardless of whether the measurements were from the
shallow or deep areas of Lake Hiidenvesi or Rehtijärvi (I–IV), sediment resuspension consti-
tuted most of the gross sedimentation. One important factor possibly affecting the absolute
values of gross sedimentation and resuspension was the distance of the sediment traps from
the lake bottom. In Kirkkojärvi, the highest values were measured from the traps deployed
closest (0.4–0.5 m) to the bottom (I, III, IV). Although the resuspended material can be al-
most evenly distributed in the water column under certain conditions (Bengtsson and Hell-
ström, 1992), most of the resuspended matter is known to remain in the water layer close to
the lake bottom (Rosa et al., 1983; Gloor et al., 1994; Weyhenmeyer, 1996). In the deep sta-
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tions of lakes Hiidenvesi and Rehtijärvi, this was detected as high concentrations of SS and
high turbidity close to the bottom (I, II).
Wind-driven surface waves and currents were, as is common for shallow lakes (Hilton et
al., 1986; Evans, 1994; Horppila and Nurminen, 2001), the main factors causing sediment re-
suspension and contributing to high gross sedimentation values in the shallow Kirkkojärvi
basin and the shallow station of Lake Rehtijärvi (I–IV). The markedly higher gross sedimen-
tation and resuspension rates after ice breakup than under the ice cover corroborated this the-
ory (III). During winter, the ice cover prevented the influence of winds on sediment resuspen-
sion.
In deep lakes, the internal waves are the potential cause for sediment resuspension instead
of surface waves (Hilton et al., 1986; Gloor et al., 1994; Ostrovsky et al., 1996). Similarly, in
the deep stations of Lake Rehtijärvi and likely in the deep basins of Lake Hiidenvesi, near-
bottom currents and wind-induced internal seiches were the reason for resuspension. In Lake
Rehtijärvi, the highly significant regression between the resuspension rate and average daily
amplitude of the 8 ºC isotherm proved the occurrence of uninodal first-mode internal seiches
(II). In uninodal first-mode seiches, rising isotherms at one end of the lake are accompanied
by falling isotherms at the other end and all isotherms at a particular location move in unison
(Wiegand and Chamberlain, 1987). In Lake Rehtijärvi, the theoretical seiche period for July
was 3 hours 40 minutes, which was in accordance with the thermistor data, in which the pe-
riod of thermocline oscillations varied mostly between 2 and 5 h. The observed period and
amplitude of the seiches in Lake Rehtijärvi were also in concordance with observations from
other  lakes  of  similar  size  (Mortimer,  1953)  (II). Internal seiches often produce horizontal
water currents with speeds of 1 cm s-1 or more (Lemmin and Imboden, 1987; Wiegand and
Chamberlain, 1987; Gloor et al., 1994). Such speeds usually exceed the critical friction ve-
locity of newly deposited sediment and thus cause sediment erosion and resuspension (Sheng
and Lick, 1979; Bengtsson and Hellström, 1992). No particularly strong winds occurred dur-
ing the period when the highest seiche amplitudes were recorded. It thus seems that due to the
elongated shape of Lake Rehtijärvi and the ridges sheltering the northern shore, the occur-
rence of seiches and their effects on the sediment were determined by wind direction. The sei-
ches were strongest when winds were blowing along the longitudinal axis of the lake, a phe-
nomenon also reported from other lakes (Lemmin and Imboden, 1987; Pierson and Weyhen-
meyer, 1994). In addition to promoting resuspension in the vicinity of the sediment traps, sei-
che motion caused sediment focusing by eroding and transporting sediment from the steep
slopes of the thermocline zone (II). This is a phenomenon occurring due to the interaction of
seiche motion and the force of gravity (Håkanson, 1977; Bloesch and Uehlinger, 1986; Hilton
et al., 1986).
4.2 Association between resuspension, turbidity, SS and TP (I–VI)
Sediment resuspension may bring substantial amounts of SS into the water column (Bloesch,
1982; Bengtsson and Hellström, 1992; Kristensen et al., 1992; Evans, 1994). This was the
case in Lake Hiidenvesi, where sediment resuspension had a positive effect on the SS con-
centration which in turn strongly affected the water turbidity (I). Strong phytoplankton
blooms also increased water turbidity in Kirkkojärvi in midsummer, as indicated by the posi-
tive dependence between chlorophyll a and turbidity. However, it is worthwhile noting that
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sediment resuspension was highest at that time and also likely contributed to the turbidity by
resuspending settled phytoplankton cells and other material (IV). In the hypolimnion of Lake
Rehtijärvi, SS and turbidity levels were highest after the strongest resuspension events, al-
though no significant dependence was found between these variables (II). The absence of
positive dependence was somewhat surprising, since internal currents and waves are known to
mainly affect the water quality of the hypolimnion during thermal stratification (Rosa, 1985;
Bloesch, 1995). The peak in the hypolimnetic SS concentration was short-lived, whereas the
level of water turbidity in the hypolimnion remained higher until the end of the study. Evi-
dently, resuspended matter of larger particle size and higher sedimentation rate returned to the
bottom, while particles of smaller size remained in the water column. Such nepheloid layers
with constantly high turbidity values are often observed near the bottoms of lakes and oceans
(Bloesch and Uehlinger, 1986). The negative dependence between chlorophyll a and turbidity
in the epilimnion of Lake Rehtijärvi suggested that increasing turbidity may decrease primary
production (Hoyer and Jones, 1983; Hellström, 1991).
Kristensen et al. (1992) pointed out a positive dependence between high resuspension
rates and high TP concentrations and argued that P input to the lake water can be totally
dominated by sediment resuspension. Similar results were observed here (III, IV). After ice
breakup, sediment resuspension increased the concentration of SS, which in turn had a posi-
tive effect on the TP concentration (III). The concentration of TP was dependent on SS also
in spring and autumn when resuspension was low, but the highest values of both variables
were observed in midsummer when the rate of sediment resuspension was highest (IV). The
high rate could not be explained by the increased wind effect or lowering of the water level,
since wave action was weakest in July–August (VI).  The high rate in midsummer likely re-
sulted from strong phytoplankton blooms the settling of which resulted in a more organic and
loose surficial sediment that was more prone to resuspension. Søndergaard et al. (1992) con-
cluded that in the eutrophic Lake Arresø, resuspension of P from August sediment was higher
than from May sediment, because P-rich, fresh organic matter accumulated on the sediment
during the summer. Similarly, in Kirkkojärvi the organic fractions of surface sediment and
trapped material increased over the course of the summer (Table 2 in VI). The increment in
the organic matter content of the surface sediment was due to sedimentation of the increasing
phytoplankton biomass (high gross sedimentation rate and chlorophyll a concentration in
midsummer, Fig. 2 in IV and Fig. 12). However, the organic content of the surface sediment
showed no difference between August and October. This could have been due to almost con-
tinuous resuspension, which would have made it difficult to observe seasonal differences in
the quality of the surface sediment, unlike the observable differences in water quality. How-
ever, during the summer, fresh material having low critical shear stress settled on the bottom
(Bengtsson et al., 1990; Bengtsson and Hellström, 1992) until the critical shear stress was
lower than the actual shear stress and the resuspension rate increased steeply, although wave
action decreased. For fresh deposits, the erosion rate increases more than linearly with the in-
creased excess shear stress and resuspension may be very rapid (Bengtsson and Hellström,
1992).
4.3 Relationship between SS and SRP (III, IV)
In contrast to the clear dependence between SS and TP, the association between SS and SRP
was more complicated. In article III, the dependence of SRP on SS was negative, whereas in
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article IV both negative and positive dependences were found. The decrease in SRP concen-
tration after the ice breakup was attributable to P uptake by the increasing diatom biomass
observed every spring in the Kirkkojärvi basin (Tallberg and Horppila, 2005) and probably
partly due to adsorption of P onto suspended particles (Koski-Vähälä and Hartikainen, 2000)
(III). The positive dependence between SS and SRP was found in late May, when the con-
centrations were low (IV). In contrast, when the concentrations of SS and SRP were signifi-
cantly higher in August than on other dates, the dependence was negative (IV). This negative
association between SS and SRP, as well as the overall low values of SRP on 25 July, were
likely due to assimilation of soluble P by algae (IV). The strong negative relationship between
chlorophyll a and SRP, as well as the positive relationship between TP and chlorophyll a,
provided evidence for the strong assimilation of P on 25 July and 8 August (Fig. 12). Conse-
quently, although the dependence of SRP on SS in August was negative, resuspension in-
creased the concentrations of SS in midsummer and the concentrations of SRP were highest
after the strongest resuspension event. High temperatures (20–22 ºC in July–August vs. 13–15
ºC in May) may have also increased the mineralization of organic matter and thereby the con-
centration of SRP in midsummer (Jensen and Andersen, 1992).
Figure 12. Relationship between (a) the total phosphorus (TP) and chlorophyll a concentrations and (b)
the chlorophyll a and soluble reactive phosphorus (SRP) concentrations at the beginning and end of the
trap exposure periods (IV).
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4.4 Seasonal variation in the resuspension-mediated aerobic release of phosphorus (I,
III–V)
The fact that resuspension rate, SS and P were clearly associated, constituted strong evidence
that sediment resuspension is an important factor bringing SS and TP into the water column
and affecting the SRP concentrations (I, III, IV). However, the dependences observed pro-
vided no explanation for the factors causing release or sorption of P under different condi-
tions.
The experimental study (V) showed, as expected, that the concentration of TP increased in
the treated columns along with the SS concentration in the Kirkkojärvi basin. However, the
relationship between the SS and SRP concentrations was more complicated. The present
study demonstrated that in a given lake the effect of resuspension on the SRP concentration in
the water was dependent on the phase of the growing season. In October, resuspension had no
effect on the SRP concentration, in May SRP in the water column increased slightly and in
August the effect of resuspension on SRP was strong. The greatest differences in the envi-
ronmental conditions between the August experiment and the other two experimental times
were in water temperature and pH. The high pH was considered the main factor that contrib-
uted to the SRP release in August. Phosphorus may become available due to ligand-exchange
reactions (P substituted for by OH–), especially in eutrophic waters where primary production
elevates pH during algal blooms (Drake and Heaney, 1987; Boström et al., 1988b). In Kirk-
kojärvi, strong cyanobacterial blooms (e.g. Anabaena flos-aquae Brébisson) occurred during
the experiment in August (Ranta et al., 2007), as indicated by the high initial chlorophyll a
concentration (IV, V). During the August experiment, the average pH was 9.2, which is in the
range where the highest net release of P occurs (Andersen, 1975). At such a pH level, the net
release of P is substantially higher than at pH 8, which was the pH level during the experi-
ments in May and October (Van Hullebusch et al., 2003; Christophoridis and Fytianos, 2006).
The ligand-exchange reactions occur on both Fe and Al oxides and the P related to these frac-
tions is susceptible to pH changes (e.g. Lijklema, 1980; Boström et al., 1988b). The increase
in the SRP concentration in August as well as in May partly resulted from dissolving of the
labile P fraction. However, the ligand-exchange reactions played an important role already
earlier in the summer. The fractions of Al-P and Fe-P in the sediment decreased and the frac-
tions of labile P and Ca-P increased between May and August, supporting the conclusion that
P was mainly released from Al and Fe hydroxides by the effect of high pH during summer.
Most of the increase in the SRP concentration in May was probably also due to ligand-ex-
change reactions, which were accelerated by degradation of biogenic Si (silicon) after the
spring diatom bloom. Large additions of Si may affect the release of P even without the in-
crease in pH (Koski-Vähälä et al., 2001; Tallberg and Koski-Vähälä, 2001).
In the experimental study, the slight increase observed in the SRP concentration on 18
May (V) was in concordance with the positive dependence between SS and SRP found on 22
May  (IV). However, the results in August were contrasting. The resuspension treatment
caused strong liberation of SRP on 2 August (V), although the dependence between SS and
SRP was negative on 8 August (IV). The majority of exchange reactions are known to occur
even within a few minutes (House et al., 1995). Therefore, in the experiment (V), 10-minute
resuspension treatment likely caused a major effect on P liberation. The results of study IV,
however, represent a longer period for development of the SS and SRP concentrations caused
by continuous resuspension events and assimilation of P by algae. Due to the high abundance
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of algae, the August conditions were apparently dominated by P assimilation that resulted in a
negative relationship between SS and SRP as discussed earlier (Fig. 12). Nevertheless, sedi-
ment resuspension was of importance in August. The fact that in the August experiment, 46%
of the resuspended TP was in soluble form emphasized the ecological importance of resus-
pension in late summer (V). Corroborating the conclusions by Koski-Vähälä and Hartikainen
(2001), the results showed that resuspension brings substantial amounts of soluble P into the
water column, providing that it occurs during algal blooms when the pH in the water column
is high (IV, V).
4.5 Sediment resuspension as the predominant water quality regulator (I, IV–VI)
The effect of external nutrient loading on the water quality of Kirkkojärvi was strong in
spring, when the water discharge from the drainage area was high (Fig. 13), whereas during
the rest of the open-water season resuspension played a predominating role as a water quality
regulator. The rate of resuspension was much higher in July–August than in May or in Octo-
ber  (IV), and as discussed earlier, the most probable explanation for the high resuspension
rate in July–August was the change in sediment quality in the course of the summer (VI).
The high resuspension rate in July–August had a substantial effect not only on the nutrient
concentrations but also on the nutrient ratio in the water column, since resuspension strongly
increased the TP concentrations in midsummer (IV, V). In May, the nutrient concentrations
were determined mainly by the spring runoff from the drainage area. The TN:TP ratio in the
water column of Kirkkojärvi was 31, which corresponded to the ratio of the spring runoff
waters and is a common nutrient ratio in the runoff waters from fertile soils (Downing and
McCauley, 1992). In July–August, external loading was very low, the resuspension rate was
high and the TN:TP ratio in the water approached the ratio found in the surface sediment, as is
typical during intensive resuspension (Hamilton and Mitchell, 1997; Ogilvie and Mitchell,
1998). The discharge during the summer months was very low and the external nutrient
loading via River Vihtijoki was < 10% of the internal loading. The decrease in the TN:TP ra-
tio in the water column in July–August was thus mainly caused by the elevated sediment re-
suspension rate. In midsummer, the TP concentrations were significantly higher than in spring
(Fig. 12) and the high concentrations could not result from the low external loading (Fig. 13).
The results of articles IV and V provided strong evidence which suggests that in midsummer,
the P liberated from the resuspended sediment was assimilated into the phytoplankton bio-
mass, decreasing the TN:TP ratio in the water column.
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Figure 13. Seasonal variations in the external loading of total nitrogen and total phosphorus via River
Vihtijoki into the Kirkkojärvi basin (sampling dates for nutrient concentrations shown with dots) and the
biomass of cyanobacteria and other phytoplankton on 27 July, 16 August and 14 September. The
beginning and end of the three intensive sampling periods are indicated with arrows.
The shift from the dominance of external loading in spring to the resuspension-dominated
situation in late summer also emerged in the relationship between the SS concentration and
TN:TP ratio in Kirkkojärvi (VI). In May, the concentration of SS was similar throughout the
study area, but the TN:TP ratio varied considerably. This was due to the dominance of the
inflowing River Vihtijoki water and the uneven distance of the different sampling stations
from this nutrient source. In July–August, the TN:TP ratio was similar at all the stations, but
the concentrations of SS and chlorophyll a showed wide variation. This was because sediment
quality and resuspension showed only small spatial variation and resuspension dominated the
nutrient flux into the water. As shown by the large variation in chlorophyll a in July and Au-
gust, the variation in SS concentration resulted from the patchiness of the phytoplankton,
which was again attributed to the effects of wind. In lakes, wind effects cause considerable
heterogeneity in the horizontal concentration of phytoplankton, especially when wind speeds
are low (Small, 1961; Verhagen, 1994).
In Kirkkojärvi, cyanobacterial dominance in July–August coincided with the period of the
highest resuspension rate (IV) (Fig. 13). Later in September, the phytoplankton biomass was
considerably higher than in midsummer, but the biomass of cyanobacteria had collapsed (Fig.
13). Thus, especially in July–August, some factor was favouring cyanobacteria. Numerous
studies suggested that N-fixing cyanobacteria are favoured by low TN:TP ratios (Smith, 1982,
1983; Levine and Schindler, 1999), while others pointed out that cyanobacterial dominance is
rather associated with the concentration of the limiting nutrient than the nutrient ratio (Trim-
bee and Prepas, 1987; Downing et al., 2001). During intensive resuspension in Kirkkojärvi,
the  TN:TP ratio  fell  from above  30  to  below 10,  which  is  clearly  lower  than  the  suggested
limit for cyanobacterial dominance (Smith, 1983). The intensive midsummer resuspension
also caused a fourfold increase in the concentration of P (IV), which likely was the limiting
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nutrient in spring (Molot and Dillon, 1991; Kim et al., 2007). The results thus strongly sug-
gested that resuspension played a role in promoting the dominance of cyanobacteria in Kirk-
kojärvi in July–August, whether the reason was the decrease in the TN:TP ratio (VI), increase
in the TP concentration (IV, V) or both. In addition to the effects on nutrients, sediment re-
suspension can favour cyanobacteria by reducing the light intensity in the water, because
cyanobacteria are well adapted to low light intensities and may form blooms at high concen-
trations of inorganic SS (Reynolds, 1984; Burkholder et al., 1998; Levine and Schindler,
1999). Consequently, sediment resuspension likely favoured cyanobacteria in Kirkkojärvi,
where the concentration of SS was markedly affected by sediment resuspension (I).
5. CONCLUSIONS
Sediment resuspension, caused by direct wind/wave activity or internal seiches, comprised the
majority  of  the gross  sedimentation both in  shallow and deep areas  of  lakes Hiidenvesi  and
Rehtijärvi and also strongly contributed to the concentration of SS and turbidity in these
lakes. During strong algal blooms, phytoplankton was an important cause of turbidity.
The dependence between the SS and TP concentrations was significant and positive in the
shallow Kirkkojärvi basin. Contrasting results concerning the dependence between the SS and
SRP concentrations were observed. However, it could be concluded that sediment resuspen-
sion during strong algal blooms (pH > 9) led to aerobic release of P.
The decrease in the TN:TP ratio in the course of the summer was a result of the interac-
tion between sediment resuspension, aerobic release of P from resuspended particles and
phytoplankton succession in Kirkkojärvi. Instead of external loading, intensive sediment re-
suspension dominated the nutrient fluxes into the water column in midsummer when, due to
high phytoplankton blooms, there was plenty of fresh, loose material to resuspend. Under
aerobic conditions and high pH, P was released from resuspended particles and was assimi-
lated by phytoplankton. This development increased the TP concentration and turbidity as
well as decreased the TN:TP ratio. All these factors in turn contributed to strong cyanobacte-
rial blooms in midsummer.
6. FUTURE STUDIES
The significance of sediment resuspension for the fundamental factors governing the ecology
of lakes is indisputable. Therefore, all research concerning this area is of major importance.
Additionally, a very interesting question can be stressed. What will be the future role of sedi-
ment resuspension as a water quality regulator? Climate change will affect annual mean tem-
peratures which, in turn, will affect a lake’s ice-cover duration (Kuusisto, 1989; Korhonen,
2006). If climate change proceeds as predicted, the shorter ice-cover duration will result in a
markedly higher amount of annually resuspended sediment and particulate P in the water col-
umn in Kirkkojärvi (Kuusisto, 1989; III). The prediction model applied by Kuusisto (1989)
contains an assumption that no change in wind conditions will occur in the 2 × CO2 climate
(atmospheric carbon dioxide values double relative to present-day values). Therefore, in the
calculations in Kirkkojärvi, resuspension and TP loading caused by it increased linearly with
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respect to shortening of the ice-cover duration. However, future winds and storms may be-
come stronger and more frequent (Melillo et al., 1990; Beniston, et al., 2007). Meijer et al.
(1990) showed strong evidence that in shallow lakes, high resuspension rates resulted in high
levels of water turbidity, restricting macrophyte colonization. Macrophyte stands are known
to prevent sediment resuspension to a considerable degree (James et al., 2004) and this was
also observed in the Kirkkojärvi basin (Horppila and Nurminen, 2005). Therefore, it was con-
cluded that the future annual internal TP loading at the basin will be higher than was esti-
mated if Kirkkojärvi becomes more turbid (III).
Different simulations (Kallio et al., 1996; Bouraoui et al., 2004) showed that the mean an-
nual runoff in Finland will be only slightly affected due to climate change. However, the
simulations also showed that high spring runoff will occur earlier in winter. The annual pat-
tern of nutrient losses from the watershed followed this development closely (Kallio et al.,
1996; Bouraoui et al., 2004). In the simulations, the change in the seasonal pattern of runoff
resulted in higher P concentration in surface runoff, due to shorter periods of frozen ground
and snow cover during winter (Kallio et al., 1996). Consequently, if future external P loading
from watersheds increases, there will be more P in the sediments of shallow lakes of temper-
ate areas to resuspend and return to the biological cycle.
As discussed above, sediment resuspension will probably be a factor of importance in en-
hancing eutrophication, especially in shallow lakes. Therefore, conservation and rehabilitation
activities should be undertaken in drainage basins of lakes to diminish the external loading of
nutrients. All additional information on the effects of sediment resuspension on lake ecosys-
tems will be needed, e.g. to provide successful rehabilitation plans for eutrophicated lakes.
The more we know about the effects of resuspension on P release as well as on phytoplankton
composition and succession, the better we can influence the important factors controlling the
environments of lakes. To achieve this level of knowledge, more experimental studies under
field conditions should be conducted to obtain information as applicable to the problem as
possible.
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